Summary. The influence of diabetes and insulin therapy on arterial glucose metabolism was studied in the Chinese hamster. Total glucose utilization and eonversion of glucose to lactic acid, CO s, lipid, glycogen, and protein were significantly reduced in intima-media segments of diabetic hamster aorta incubated in vitro. The degree of reduction was greater in the kctotic than the non-ketotie diabetics. The abnormalities in glucose metabolism did not appear to be related to a defect in glucose transport. Administration of insulin in vivo for up to 72 h in doses sufficient to normalize plasma glucose and insulin did not influence aortic glucose utilization. However, treatment with large doses of insulin, which produced marked hyperinsulinemia and mild hypoglycemia, corrected the observed reductions in glucose incorporation. Addition of insulin in vitro had no significant effect on aortic glucose metabolism.
Despite the marked predisposition of diabetic patients to develop atherosclerotic disease, relatively little information is available concerning the metabolism of vascular tissue in diabetes. Previous studies have been limited primarily to animals with chemically induced diabetes where a number of abnormalities of arterial glucose metabolism have been noted. Arterial glucose uptake, oxidation, and incorporation into lactate, lipid and glycogen were depressed significantly in alloxan treated rabbits [1] . The abnormalities could be minimized by pretreatment of the animals with insulin, although insulin added in vitro had little influence on glucose utilization. The arterial incorporation of acetate into fatty acids appeared to be reduced in alloxan diabetic rats [2] . Insulin treatment has been reported to stimulate aortic lipid synthesis in streptozotocin treated rats [3] as well as in normal rats [4] and chickens [3] . However, in normal rat aorta, the increased lipid synthesis produced by insulin appeared to be confined to the arterial adventitia [5] , suggesting that an effect on adipose cells was being measured. Chronic insulin treatment of normal chickens was observed to produce marked increase in intimal lipids [3] . It is uncertain whether these changes were secondary to a direct effect on intimal lipid synthesis or to the hyperlipidemia developed in response to insulin.
The current investigation has examined the influence of diabetes and of insulin therapy on arterial glucose metabolism in the Chinese hamster (cricetulus griseus). This animal model has many of the characteristics of the human disease and appears to be particularly suited for studying the influence of diabetes on the development of vascular disease. The diabetic animals may have varying degrees of severity of hyperglycemia and glycosuria, and plasma insulin * Supported by USPI-IS Grant 12869 and the U.A. Whitaker Fund. may be reduced [6, 7] . The inheritance of the diabetes appears to be controlled by several recessive genes [8] . The animals develop cataracts, retinal vascular changes, and basement membrane thickening of pancreatic capillaries [9, 10] . We have observed that some of the diabetic hamsters also exhibit hyperlipidemia, increased arterial cholesterol content, and microscopic abnormalities of the arterial intima [11, 12] .
Materials and Methods
The hamsters were obtained from the Upjohn colony. The diabetic animals were selected on the basis of glycosuria and hyperglycemia determined repeatedly during life. All diabetic animals were matched with a nondiabetic control of the same sex and of similar age and weight. All animals were maintained on Purina Mouse Breeder Chow.
The animals were fasted overnight prior to sacrifice. They were then bled from the orbital sinus and killed by decapitation. The total aorta was removed and the adventitia was carefully teased away. The remaining tissue, which was utilized for the metabolic studies, was found on microscopic examination to be comprised of the total intima and approximately three-fourths of the media. The tissues were opened longitudinally and incubated for 1--2 h at 37~ in 2 ml Kt~B buffer (pH 7.4, gas phase 95% 02 --5% C02, glucose concentration 1--10 raM). Three aortas were pooled for use in each metabolic study. Uniformly labelled glueose-14C obtained from the New England Nuclear Corp. was utilized as labelled substrate. The incubations were terminated with 0.2 ml of 4 N H2SO 4. The tubes were shaken for an additional 45 rain and the liberated CO 2 was collected in plastic wells con. taining hydroxide of hyamine. Glucose, lactate, and pyruvate contents of the incubation solutions were determined by enzymatic techniques [13, 14] . The 40* A.V. Chobanian ct al. : Aortic Glucose Metabolism medium glucose and lactate were also isolated by TLC at 4 ~ C utilizing a solvent system of ethanol: water : ammonium hydroxide (80 : 16 : 4) and the radioactivity of these TLC fractions was determined as described [15] .
Following incubation, the tissues were washed 5 x with 10 ml saline, blotted, and minced. The tissues were then homogenized in chloroform : methanol (2 : 1), and the arterial lipids were extracted according to the procedure of Folch et al. [16] . The major lipid classes were separated by TLC, and the radioactivity of the fractions was determined. Tissue proteins were precipitated with 0.4 N cold trichloroacetic acid (TCA), and the radioactivity of the protein fractions was measured as previously described [17] . DNA content was assayed by the method of Ceriotti [18] . For the analysis of glycogen radioactivity, carrier glycogen was added to the TCA supernatant and the glycogen was precipitated with 95% ethanol. The precipitate was washed 2 x with 5 ml of 70% ethanol and the glycogen hydrolyzed with 2 ml of 1.0 N sulfuric acid [19] . The glucose radioactivity derived from the glycogen fraction was determined as described above.
In selected experiments, the diabetic hamsters were treated prior to sacrifice with crystalline insulin in daily doses ranging from 0.6 U/kg to 30 U/kg for periods of up to 72 h. The insulin was injected subcutaneously in divided doses twice daily with the final dose administered 1 h prior to death.
The in vitro effect of insulin on aortic glucose metabolism was also examined in both control and diabetic aortas. In studies comparing diabetic with control aorta, the insulin (25--100 ~U/ml) was added to incubation media containing the diabetic arteries, and its effect on glucose metabolism of total aorta was studied for a 2 h period. In studies of the effects of insulin on control aortas, the tissue was divided longitudinally into halves; one-half of the tissue was incubated in the presence of insulin (100 ~U/ml) ~dth the other half serving as its control.
The uptake of 2-deoxyglucose-~4C (5.0 raM) was examined in aortic segments over a 1 to 5 rain period. Following incubation, the tissues were rinsed immediately 5 x with 10 ml ice cold saline, and the total tissue glucose, lipid, and glycogen radioactivity and medium lactate radioactivity were assayed as described above.
Blood glucose concentrations were analyzed on 0.05 ml blood by the Auto-Analyzer mieroglueose procedure, and plasma insulin was determined on 0.1 ml of plasma by a double antibody method using guinea pig anti-insulin serum [7] . Urinary glucose was estimated by Testape| and urinary ketones by Ketostix| The ketotie diabetic animals were selected on the basis of consistently positive urinary ketones, whereas the non-ketotic diabetics were repeatedly negative by urinary Ketostix|
The purity of the labelled glucose utilized as determined by TLC, ranged from 98.4 to 99.3o/0 .
Results

Plasma Glucose and Insulin
Fasting blood glucose was significantly higher in both ketotic and non-ketotic animals than in the control group (Table 1 ). Significant reduction in fasting plasma insulin was observed in the ketotic hamsters but not in the non-ketotic diabetics when compared to their matched controls.
Insulin pre-treatment for 72 h prior to sacrifice was associated with significant decreases in blood glucose and increases in plasma immunoreactive insulin concentrations ( Table 2 ). The changes were particularly marked at the dose of 30 U/kg/day when fasting blood glucose was reduced to below the normal range and plasma immunoreactive insulin was increased approximately 100 fold. The results are expressed as the mean• for 27 saline treated diabetics, 12 low-dose insulin treated diabetics, 15 high-dose insulin treated diabetics, and 54 controls.
Aortic glucose utilization was significantly depressed in both ketotie and non-ketotie diabetic animals. The decreases were greatest in the ketotic animals wbere the reduction in total glucose metabolized averaged 42% below control values. In the aortas from non-ketotic diabetics, total glucose utilization averaged 22% less than the controls. All aspects of glucose utilization by diabetic aorta appeared to be similarly affected, with comparable decreases in incorporation of glucose to lactic acid, C0~, lipid, glycogen, and protein being observed (Fig. 1) . Total aortic glucose uptake as determined by the disappearance of glucose from the medium increased in a linear manner with increasing medium glucose concentration over a range of 1--10 m~.
Lactic acid was the major metabolite of glucose, with more than 80% of the glucose utilized being recovered in this fraction (Table 3) . Incorporation of glucose to C02, lipid, glycogen, and protein accounted for less than 10% of total glucose metabolized. No significant differences were present between control and diabetic aorta in the percent incorporation of gincose into these metabolites. high dose of insulin was given over a 24 h period, no influence on arterial glucose utilization occurred.
Insulin added in vitro did not produce significant changes in total glucose utilization in either the diabetic or control aortas (Table 4) . Furthermore, no significant influence of insulin, added in vitro, on the aortic incorporation of glucose to lactate, C02, lipid, or glycogen was present. Insulin pre-treatment of the ketotie animals at a dose of 0.6 U/kg/day for 3 days did not appear to correct the abnormalities in aortic glucose metabolism (Fig. 1) despite reductions in blood glucose and increase in fasting plasma immunoreactive insulin to greater than normal levels ( Table 2) . At the 30 U/kg/ day dose of insulin administered for 3 days, aortic glucose utilization in the diabetic animals increased significantly, and the previously noted differences in incorporation of glucose to lactate, C02, lipid, glycogen, and protein between the control and insulin-treated diabetics were eliminated (Fig. 1) . However, when the Values represent the mean ~ SEM for 4 studies. Values represent the mean4.SEM for 3 separate experiments. Incubation time ~ 5 rain.
The major incorporation of glucose into lipid occurred in the phospholipid moiety ( Table 5 ). The relative incorporation into each lipid class was comparable in both diabetic and control aortas. Only negligible conversion into sterol and sterol esters was apparent. Following saponification, greater than 90% of lipid radioactivity was recovered in the glycerol moiety ( Table   6 ).
The total incorporation of 2-deoxyglucose did not differ significantly in control or diabetic hamster aorta over a 1--5 rain incubation period (Table 7) . No appreciable metabolism of 2-deoxyglucose to lactate, CO 2, lipid, or glycogen was apparent.
Discussion
The aortas from diabetic hamsters had a consistent reduction in glucose utilization which was greater in the severely diabetic, ketotic animals than the milder, non-ketotic diabetics. The abnormalities in the diabetic hamsters did not appear to be secondary to a decrease in glucose transport into cells since no significant difference in uptake of the non-metabolized sugar, 2-deoxyglucose, was present between the control and diabetic aortas. The results are consistent with the findings of Yalein and Winegrad who demonstrated, by the measurement of glucose and raffinose spaces, that the transport of glucose into rabbit aorta was not rate limiting for subsequent utilization [20] . Insulin deficiency or relative insulin insensitivity could be important in the reduced aortic glucose utilization. Previous studies have suggested that glucose phosphorylation and hexokinase activity is diminished in aortas of the alloxan diabetic rabbits [21] , and such a defect in phosphorylation could result in reduced glucose utilization. The markedly elevated free fatty acid and ketone levels in the diabetic hamster could also play a role by indirectly inhibiting glycolysis and glucose uptake, although such an explanation is not supported by the studies of Winegrad et al. in diabetic rabbits [21] .
Several aspects of glucose metabolism appeared to be similarly affected in the diabetic arteries. The relative decreases in incorporation of glucose to lactate, pyruvate, C02, lipid glycogen, and protein were comparable in the diabetic arteries. The results are generally similar to those observed in the alloxan-treated rabbit [1] . Lactate was the major product of arterial glucose metabolism in both control and diabetic arteries and represented greater than 80~ of the total glucose utilized. These findings are comparable to those reported for arteries of a number of different species including man [22--26] and probably reflect the relatively high rate of glycolysis and low rate of mitochondrial oxidation in arterial tissue [27] .
The abnormalities in glucose utilization in the arteries could be normalized by prior insulin treatment of the diabetic animals if massive doses of insulin were used. It is unclear why such large amounts of insulin were required since smaller amounts which were in. effective in influencing arterial metabolism were still sufficient to reduce blood sugar levels markedly and to increase plasma immunoreaetive insulin concentrations to abnormally high levels. While the immunoreactive insulin concentration may not accurately reflect biological activity of the administered insulin, the reduction in blood glucose indicated the presence of biological activity. No significant effect on arterial wall metabolism occurred with a single dose of insulin, but 72 h of insulin therapy ultimately proved to correct the arterial abnormalities.
Insulin added in vitro had no significant effect on total aortic glucose utilization in either normal or diabetic hamster aorta. In addition, insulin did not appear to influence the incorporation of glucose into any of its metabolites when studied in vitro. The results are in agreement with our previous findings in human and canine arteries [22] and with the observations in rabbit aorta by Mulcahy and Winegrad [1] . Other in vitro effects of insulin on arterial tissue have been reported as inhibition of catecholamine stimulated lipolysis [28] and stimulation of phospholipid synthesis in arterial plaque tissue with high cellularity [29] . Insulin has also been shown recently to stimulate the proliferation of arterial smooth muscle ceils in tissue culture [30] .
The synthesis of all major lipid classes from glucose appeared to be depressed in the diabetic hamster aorta although the production rate could be increased to control levels with the administration of large doses of insulin. The role of insulin in the regulation of arterial lipid metabolism remains uncertain. Previous studies of Stout had suggested that insulin stimulated arterial lipogenesis in rats [4] , although subsequent studies demonstrated that the action was limited to the arterial adventitia [5] . Increased arterial lipid content has been observed in chickens treated on a chronic basis with insulin [3] . The interpretation of these results is complicated by the fact that the animals also developed hyperlipidemia with insulin treatment and the hyperlipidemia itself may have contributed to arterial lipid deposition.
The relationship between the observed abnormalities in aortic glucose metabolism and the development of vascular lesions in the diabetic hamster is uncertain. Our preliminary studies to date would suggest that the level of serum lipids is a major factor contributing to arterial lipid deposition in these animals [12] . The recent studies of Morrison and associates suggest that hyperglycemia itself may have a detrimental effect on arterial tissue [31] . Accumulation of polyol derivatives and inhibition of arterial oxygen uptake were observed when arterial tissue was exposed in vitro to high medium glucose concentrations:
